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Introduction
Lightning initiation [1] and propagation [2] are driven by the electric fields in a thunderstorm. As it is very challenging to measure these fields in situ before or after the discharge and up to now essentially impossible during the discharge, there are ongoing controversies related to the physical mechanisms. A new non-intrusive method of field measurements is offered with LOFAR. It was discovered that under thunderstorm conditions, the intensity and polarizations of radio emission from e-mail: t.n.g.trinh@rug.nl DOI: 10.1051/ , air showers differ considerably [3] from events in fair-weather conditions, so they can be used to probe the atmospheric electric fields present in thunderclouds. Radio emission from air showers is measured by many experiments. Here we present the measurement with the LOw-Frequency ARay (LOFAR) radio telescope using the Low-Band Antennas (LBA). The LBA, having the frequency range of 10 -90 MHz, are grouped into circular stations. The core of LOFAR, so-called 'Superterp', consists of 6 such stations, located in a ∼ 320 m diameter region. The read-out of the LOFAR antennas for a cosmic-ray event is triggered by the LORA particle detector array at the Superterp. The measurements are done in both fair-weather and thunderstorm conditions.
Radio mechanism
The main mechanism for radio emission from air showers is the deflection of electrons and positrons in the showers in opposite direction by the Lorentz force exerted by the geomagnetic field [4, 5] . They form a transverse current and thus emit radiation polarized linearly along the direction of the Lorentz force, i.e.ê v×B , where v is the velocity of the shower and B is the geomagnetic field.
A secondary contribution is from charge excess which is due to a build-up of negative charge in the shower front [6, 7] . This also produces a radio pulse polarized radially with respect to the shower symmetry axis. The signal observed on the ground is the superposition of the two contributions and thus depends on the viewing angle.
Under thunderstorm conditions, strong atmospheric electric fields affect the motion of shower particles and thus influence the radio emission from the showers. The electric field can be decomposed into two components
where E ⊥ and E are perpendicular and parallel to the shower axis, respectively. Due to E ⊥ , there is a net force acting on particles
which gives rise to a change in both magnitude and direction of the transverse current. Thus, the magnitude and polarization of the radiation from the tranverse current also change. Depending on the sign, the parallel component E may accelerate the particles and thus increase the number of particles at a certain energy. However, this effect is hardly seen in the signals observed by LOFAR LBA. These particles are trailing far behind the shower front, and therefore increase the intensity at lower frequencies [8] . Therefore, we assume that the parallel component vanishes in this work. The complex voltages are expressed as ε j = E j + iÊ j where E j is sample j of the pulse andÊ j is its Hilbert transform. The Stokes parameters are given by
In the LOFAR analysis, the summations are calculated for n = 5 samples of 5 ns each, centered around the peak of the pulse. Stokes I represents the intensity. The orientation of the linear polarization can be derived from Stokes Q and Stokes U. Stokes V is the amount of circular polarization. 3 Fair-weather events vs thunderstorm events.
As discussed above, the events observed under thunderstorm conditions show large differences shown in the intensity and polarizations compared to fair-weather events.
Linear polarization
The angle of linear polarization is given by ψ =
. In fair-weather events, the polarization over all antennas is mainly along the expectedê v×B direction with some small deviation because of the contribution from charge excess. In thunderstorm events, the net force F changes the direction of the transverse current and thus the orientation of the linear polarization is no longer along theê v×B direction, as it can be seen in the left panel of Fig. (1) .
Intensity footprint
Unlike fair-weather events showing a bean-shaped intensity footprint due to the inteference of the transverse current and charge excess components, the ones in thunderstorm conditions show a ringlike structure as seen in the right panel of Fig. (1) . The observed structure for this event can be understood as the effect of an electric field that is build up in two layers. The upper layer starts at a height of 8 km above the ground and extends to 2.9 km with a strength of |E U | = 50 kV/m. At the height of 2.9 km, the electric field changes such that the net force is inversed and its strength reduces to |E L | = 26.5 kV/m. Two layers are needed to introduce the destructive interference between the emission from the two layers, which results in the ring-like structure in the intensity footprint.
Circular polarization
In fair-weather events, due to the time-shift between the pulses radiated from the transverse current component and the charge-excess component, there is a small amount of circular polarization. This circular polarization vanishes at the core of the shower and depends on the azimuth angle of antennas [9] . However, in thunderstorm events we observe large amount of circular polarization near the core of the shower as shown in Fig. (2) . This can only be explained by the change of the transverse current due to the change of the atmospheric electric field. Therefore, the full set of Stokes parameters helps to have a better understanding of the structure of atmospheric electric fields.
